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Preface  
 
 
This thesis presents studies on a route and a wavelength selection method in 
dynamic RWA in multifiber WDM networks. The contents of the thesis are based on 
the results of my research during the Ph.D. course at the Department of Electrical and 
Electronic Engineering and Computer Science, Graduate School of Science and 
Engineering, Ehime University, Japan. 
With the growth of the Internet, optical networks have gained much attention due 
to their large transmission bandwidth. In WDM networks, a lightpath is established 
between a sender node and a receive node to transmit data stream. In dynamic WDM 
networks, lightpaths are dynamically established as lightpath setup requests arrive.  
In WDM networks, blocking probability of lightpath establishments is generally 
high because a lightpath occupies a wavelength in all links along an end-to-end route. 
Therefore, multiple same-wavelength lightpaths cannot be established in a fiber on the 
same link. Furthermore, without wavelength conversion technology, a lightpath must 
use a common wavelength in all links along the route (i.e., wavelength continuity 
constraint). As a result, lightpath establishments are often blocked. Therefore, 
blocking of lightpath establishments is one of crucial issues which must be resolved in 
WDM networks. In this thesis, we propose some schemes to improve the blocking 
  
 
 
vi Preface 
probability in RWA mutifiber WDM network. The thesis consists of seven chapters, 
organized as follows: 
Chapter 1 presents the background of our research and the outline of the thesis. 
In Chapter 2, we first present the basic of wavelength division multiplexing 
(WDM) and the benefit of WDM. It then introduces the optical switch including the 
classified of optical switch and wavelength conversion in WDM networks.   
 Chapter 3 discusses RWA in WONs. It presents routing and wavelength 
assignment algorithms for WDM networks with static and dynamic lightpath 
establishment. This chapter also reviews several of wavelength reservation protocols 
for reserving resources and setting up lightpaths in a wavelength-routed network 
Chapter 4 and 5 discuss a route and wavelength selection in routed RWA without 
wavelength conversion. The first scheme, in Chapter 4, is designed by selecting a 
wavelength based on wavelength availability which is collected by backward 
reservation along the route with the minimum cost. This scheme tend to select which 
wavelength has many used in all link along route to suppressed the generation of 
bottleneck link. As a result, a wavelength selection method reduces the blocking 
probability of lightpath establishment with some parameters. The second scheme 
provides a scheme which selects a combination of a route and a wavelength selection 
according to information on link state that is collected by signaling of backward 
reservation. This scheme considers wavelength availability in the network so it avoids 
the depletion of a specific wavelength. Simulation experiments show that the 
proposed scheme reduces the blocking probability of lightpath establishment 
efficiently. This will be elaborated later in Chapter 5. 
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 Next, we propose a route and wavelength selection with wavelength conversion. 
In this research the effects ofnetwork blocking probability of sparse wavelength 
conversion in multifiber networks are analyzed. It will be shown in Chapter 6 that 
through simulation experiments, the proposed scheme improves the blocking 
probability of lightpath establishment with various number of wavelength available, 
number of fiber optic and average holding time. 
Chapter 7 presents the conclusion by summarizing the results of this thesis. 
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Chapter 1.  
 
Introduction 
 
 
 
 
In recent years, all-optical networks have gained tremendous importance due to 
their large transmission bandwidth. Especially with the growth of the internet, the 
demand of the bandwidth for data traffic has been increasing because of the explosive 
diffusion of multimedia applications. In the optical network topology, OTDM (optical 
time division multiplexing), CDM (code division multiplexing), or WDM 
(wavelength division multiplexing) are different types of multiplexing technique. 
Because both CDM and OTDM are still limited, especially due to the difficult 
synchronization requirements, WDM is the favorite choice. Furthermore, one solution 
to carry such large amounts of data is all-optical WDM networks [1].  This technology 
promises to provide a scalable solution to support the bandwidth needs of future 
applications. In the future, long-distance network that should primarily be 
implemented is the Hybrid WDM. Hence WDM networks are still really up to date 
research subject. 
 The WDM technology increases the capacity of a fiber optic link by 
simultaneously transmitting multiple signals with different wavelengths over a single 
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fiber [1]. In optical WDM networks, a lightpath which is a route assigned a dedicated 
wavelength is established between a sender node and a receiver node to transmit data 
stream. Because the lightpath is established before transmission, transmission 
bandwidth is guaranteed, and thus reliable transmission is realized. 
In single fiber WDM networks, two or more lightpaths with the same wavelength 
cannot be established in the same link at the same time because each link consists 
of a single fiber. However, in multifiber WDM networks, each link consists of 
multiple fibers. Thus, the same number of lightpaths as fibers can be established 
with the same wavelength on each link.  
In WDM networks which mainly are employed for the metropolitan and wide area 
environment certain issues arise when a signal has to reach receiver. A route has to be 
found and then an appropriate wavelength has to be assigned, that is called the routing 
and wavelength assignment problem (RWA). When the routing nodes are not capable 
for wavelength conversion then the lightpath must use the same wavelength in all the 
optical segments it uses. In the absence of a free wavelength along the entire route, the 
connection cannot be established and it is blocked due to the wavelength continuity 
constraint. On the contrary, when wavelength conversion is present, the problem is 
similar to connection satisfaction in typical circuit-switched networks, where the only 
limiting factor is the bandwidth of every link. In such network, a connection is 
blocked only when no wavelength is available at some segment of an optical path 
assuming full wavelength conversion.  
Furthermore, the RWA problem must cope with the nature of the connection 
requests. When the connections are known beforehand that the network has 
knowledge of all the future events, this is called the static lightpath establishment 
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(SLE). In this case the optimization is typically trying to minimize the number of 
wavelengths in order to satisfy all the connections over the physical topology or to 
maximize the connections for a fixed number of wavelengths. On the other hand, 
when no connection is given the network has no information about future connection 
requests in order to route a lightpath. This is called the dynamic ligthpath 
establishment (DLE). The performance metric in the latter case is typically the call 
blocking probability. With the rapid growth of the internet, the bandwidth demand for 
data traffic is exploding. It is believed that dynamic lightpath establishment will 
enable service providers to respond quickly and economically to customer demands.  
In networks with dynamic lightpath establishments, to establish lightpaths uses a 
signaling protocol such as forward reservation and bacakward reservation. This thesis 
uses backward reservation because backward reservation has better performance than 
forward reservation in terms of multiplexing, load, speed, delay, throughput and 
blocking probability [2]. In the backward reservation, a sender node selects a route 
and a receiver node selects a wavelength for a new lightpath and thus it does not need 
to know link state information in advance.  
In multifiber WDM networks with dynamic RWA, the problem of finding a route 
for a lightpath and assigning a wavelength to the lightpath is often referred as the 
routing and wavelength assignment problem (RWA). The purpose of this problem is 
to route lightpaths and assign wavelengths in a way that minimizes the amount of 
network resources consumption, while at the same time ensuring that there are no two 
lightpaths which is sharing the same wavelength on the same fiber link. However, the 
number of wavelength usage can generate bottleneck links so that the blocking 
probability can increase too.  To resolve that problem, this thesis proposes three 
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schemes: the first scheme selects a wavelength in such a way that it makes 
wavelength usage in links smooth. In order to avoid the generation of bottleneck links, 
the proposed scheme selects a wavelength in such a way that it makes wavelength 
usage in links smooth. To do so, this scheme collects information on wavelength 
availability in each link along a route between a source node and a destination node 
by using signaling of backward reservation. Then the propose scheme selects the 
least-used wavelength along the route to make wavelength usage in links smooth, and 
thus the proposed scheme is expected to improve blocking probability of lightpath 
establishments in multifiber WDM networks. 
Furthermore, it is not preferable that a specific wavelength is used in all fibers in 
a link. A lightpath must use a common wavelength along the entire route due to 
wavelength continuity constraint. Therefore, a wavelength cannot be used in the case 
where the wavelength is already used in all fibers in a certain link along the route 
even if the wavelength is available in other links. Thus, in order to avoid this 
situation, the second scheme selects a combination of a route and a wavelength 
for each lightpath establishment based on usage of each wavelength in links along 
routes. Specifically, the proposed scheme selects the combination in such a way that 
it makes wavelength usage in each link smooth. As a result, this proposed scheme is 
expected to reduce blocking probability of lightpath establishments in multifiber 
WDM networks. 
In WDM networks, the blocking probability of lightpath establishments is 
generally high because of coarse granularity wavelength continuity constraint in all 
links along an end-to-end route. The wavelength conversion technology further 
improves the blocking performance of WDM networks. With wavelength conversion 
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technologies, a lightpath can use a different wavelength in all links along the route, 
so that the blocking of lightpath establishments reduces frequently. Therefore, using 
wavelength converter in dynamic RWA is a research target in the third scheme.  
The wavelength conversion which is all the network nodes with the capability of 
wavelength conversion is referred to as full wavelength conversion. However in 
sparse wavelength conversion, not all nodes of network have the capability of 
wavelength conversion. According to the literature, that sparse wavelength conversion 
provides very good performance compared to full wavelength conversion, so that the 
third proposed scheme provides RWA with sparse wavelength conversion in WDM 
networks and only a subset of the nodes has wavelength conversion capability that can 
convert one wavelength to another.  A combination of a route and a wavelength for 
each lightpath are selected based on wavelength availability and location of nodes with 
wavelength conversion capability. Through the simulation experiments, all proposed 
scheme are expected to improve blocking probability of lightpath establishments in 
multifiber WDM optical networks efficiently.  
The rest of this thesis is organized as follows. Chapter 2 provides a brief overview 
of multi-fiber WDM networks. Chapter 3 explains routing and wavelength assignment 
(RWA) problem. In Chapter 4, we present a wavelength selection algorithm in 
multifiber WDM networks with results of simulation experiments. Chapter 5 
demonstrates a combination, a route and a wavelength selection algorithm in dynamic 
wavelength routing assignment. In Chapter 6, we describe sparse wavelength 
conversion in multifiber WDM networks. Finally, the conclusions are discussed in 
Chapter 7.  
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Chapter 2  
 
Wavelength Division Multiplexing 
(WDM)  
 
 
 
 
2.1 Introduction 
In this chapter, we first present the basic of wavelength division multiplexing 
(WDM) and the benefit of WDM. It then introduce optical switch including the 
classified of optical switch. Finally, we describes wavelength conversion in WDM 
networks. 
 
2.2 An Overview of  WDM   
In all-optical networks, WDM is a promising technology for future. WDM is a 
method of sending a light beam on an optical fiber with different wavelengths 
simultaneously. Therefore the capacity of optical fiber links can be enlarge, even 
terabits per second, which causes the optical spectrum, is used more efficiently. 
WDM technology is currently used to increase the capacity of an optical link where 
the link at the end of each signal is converted back into electrical domain. But the 
technology is progressing towards transparent all-optical network where the signal 
was routed through the network in the optical domain. 
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Fig. 2.1: The optical spectrum and 8 wavelength channels. 
The International Telecommunication Union (ITU) has standardized the use of the 
wavelength channels in a WDM link in standard G.692 as depicted in Fig. 2.1.  
The Internet traffic has been rapidly growth by driving force for faster and more 
reliable data communication networks. WDM is a very promising technology to meet 
increasing demands. In a WDM network several optical signals are sent on the same 
fiber using different wavelength channels. Sometimes the term dense wavelength 
division multiplexing (DWDM) is used to distinguish the technology from the 
broadband WDM systems where two widely separated signals (typically 1310 nm and 
1550 nm) share a common fiber. In DWDM up to 40 or 80 signals are combined in 
the same fiber. 
Traditionally only a small fraction of the fiber capacity is in use, but by using 
WDM it is possible to exploit this huge capacity more efficiently. The possibility to 
use the existing fibers more efficiently makes WDM commercially very attractive 
alternative, as it is often very expensive to install new fibers in the ground.  
WDM technology has been recognized as one of the key components of the future 
networks. The commercialization of WDM technology is progressing rapidly. 
Especially, it was important for the development of the WDM technology where the 
invention of the optical fiber amplifier in 1987 (Erbium doped fiber amplifier, EDFA
. . 
. 
ω8 ω3 ω2 ω1 
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been known. The optical fiber amplifier is a component which has capability to 
amplify several optical signals at the same time without converting them first to 
electrical domain (opto-electronic amplification). It is also explain that EDFA can be 
used to amplify signals of different bit rates and modulations. Other important WDM 
components are include wavelength division multiplexers, optical switch and 
wavelength converters. 
There is also a big interest towards the optical networking in academic community 
as it offers a rich research field for scientists from the component level up to the 
network protocols. Also a popular scientific magazine has been published. 
 
2.3  Benefits of WDM   
Wavelength Division Multiplexing (WDM) is an important technology used in 
current telecommunications systems. WDM has better features than other types of 
communication and has several benefits that make it famous such as increase capacity, 
transparency and wavelength reuse. 
2.3.1  Increase Capacity  
Communication using optical fibers provide a very large bandwidth. Light in 
optical fiber as a carrier for the data stream and a single light beam is generally used 
as caries. But in WDM, light having different wavelengths into a single optical fiber. 
This allows more data to be transmitted on the same fiber and lead to further increase 
network capacity 
2.3.2  Transparency 
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WDM networks can support multiple protocols and also supports the data to be 
transmitted at different bit rates. So there are not many obstacles in the sending of 
data and can also be used for various applications at very high-speed data 
transmission. 
2.3.3  Wavelength Reuse 
In WDM networks, the same wavelength can be used at different fiber links. This 
allows for wavelength reuse which in turn helps in increasing capacity [3]. 
2.3.4.  Scalability 
WDM networks are also very flexible in nature. In the transmitter and receiver, 
extra processing units can be added.  This infrastructure can be developed to be able 
to serve more people 
2.3.5.  Reliability 
      WDM network are very reliable and safe. There may be a very low crosstalk, 
and also can recover from network failures in a very efficient manner. It is also 
possible for the rerouting paths between source-destination node pair. So it won’t  
loose any data in case of link failure [4]. 
 
2.4  Optical Switches 
Optical cross-connect (OXC) or optical switch, is a device which can connect 
optical signal on input ports to output ports.  OXC can switch a wavelength on the 
input fiber link to the same wavelength on the output fiber link. However, OXC can 
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also switch to the different wavelength on the output fiber link which OXC be 
equipped with converter. 
The optical switches can be classified according to how flexible they are [5]: 
1.  A non-blocking switch; by reconnection of some or all of the current 
connections, any connection pattern can be realized.  
2. Wide-sense non-blocking switch means a switch which can wide sense with careful 
configuration and add any new connection without interrupting previously configured 
connections through the switch. 
3. Strict-sense non-blocking switch; a simple configuration strategy that allows adding 
new connections to the switch any time without interrupting any of the current 
connections.  
OXCs provide the switching and routing functions to support the logical 
data between source and destination. Optical signal via OXCs signal at each 
wavelength on the input and output can be switched to a specific. As shown in Fig. 
2.2, an OXCs with N input and N output is capable of handling W wavelengths per 
fiber can be thought of as N × N optical switch, where the switch has to be preceded 
by multiplexer and followed by demultiplexer. So that the OXCs can connects 
different wavelengths from input to output. By configuring the OXCs along the path 
of physical, logical connections (lightpaths) can be established between source and 
destination. 
 Clearly the number of elements and device complexity grows at the same time as 
the flexibility. This means a trade-off between hardware complexity and management 
complexity. 
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Fig. 2.2: Optical cross connect (OXCs) 3x3 with two fibers. 
 
2.5  Wavelength Conversion 
Wavelength continuity constraint can be overcome if the OXCs equipped with 
wavelength converters. A wavelength converter is a device that can change the 
wavelength of input optical signals with different wavelengths on the output. In OXCs 
without wavelength conversion capability, the signal at the input fiber fi at a 
wavelength ω1 can be optically switched to every fiber fp  at the output, but had to 
leave the OXC at same wavelength ω1. With a wavelength converter, optical signals 
can be switched to any fiber on some other wavelength ω. That is why, the 
wavelength conversion allows the lightpath to use different wavelengths with 
different physical links. 
Fig. 2.3 illustrates the differences between a single fiber input and a single fiber 
output where each fiber consists of four wavelengths. No conversion (a); each
ω2 
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Fig. 2.3: Wavelength conversion. 
wavelength in the input to the same wavelength in the output. Limited wavelength 
conversion (b); capability implies that each input wavelength can be converted to any 
of a specific set of wavelengths in output, which is not the set of all wavelengths for at 
least one input wavelength. However, in fixed wavelength conversion (c), each input 
wavelength in input can be converted to exactly one other wavelength in output. A 
special case if each wavelength converted only to itself, it does not need wavelength 
conversion. Full wavelength conversion (d) denotes that any input wavelength can be 
converted to any other wavelength on output. 
Wavelength conversion, allows more efficient use of network resources for a 
backup lightpath same wave all the way along the route. Although there are free 
channels available on each network link, a connection may not be configured unless 
there is a wavelength conversion in a few nodes.   
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2.6  Conclusion   
In this chapter, we presented an overview of WDM. In optical communication, 
wavelength division multiplexing (WDM) is a technology which carries a number of 
optical carrier signals on a single fiber by using different wavelengths of laser light. 
This allows bidirectional communication over one standard fiber with increased 
capacity. As like optical network supports huge bandwidth; WDM network splits this 
into a number of small bandwidths optical channels. It allows multiple data stream to 
be transferred along the same fiber at the same time. A WDM system uses a number 
of multiplexers at the transmitter end, which multiplexes more than one optical signal 
onto a single fiber and demultiplexers at the receiver to split them apart. In this thesis, 
we should use WDM networks based on several advantages as mentioned in this 
Chapter.  
Wavelength continuity constraint can be overcome if the OXCs equiped with 
wavelength converters which is a device that can change the wavelength of input 
optical signals with different wavelengths on the output. Specifically, in Chapter 6, 
we will describe our sparse wavelength conversion in WDM networks. 
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Chapter 3 
 
Routing and Wavelength Assignment 
(RWA) in Wavelength Routed Optical 
WDM Networks (WONs) 
 
 
3.1 Introduction 
This chapter, first discusses the wavelength routed WDM.  Next, it covers routing 
and wavelength assignment algorithms for WDM networks with static and dynamic 
lightpath establishment.  Finally it reviews several wavelength reservation protocols 
for reserving resources and setting up lightpaths in a wavelength-routed network.  
 
3.2 Wavelength Routed Network  
In recent years, with existing systems capable of providing large amounts of 
bandwidth in the networks, Wavelength-division multiplexing (WDM) technology 
has been improving steadily [6]. The current telecommunications network using 
WDM systems based point to point and the optical signals are converted back to 
electronics at every node.  
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Fig. 3.1: Wavelength-routed WDM network. 
 The concept of wavelength routing in WDM network is expected to be the basis 
for all-optical infrastructure of the future. A wavelength routing  network, consist of 
optical  cross  connects (OXCs) that  serves for switching and routing, so that the data  
can be sent through lightpaths from source to destination. As depicted in Fig. 3.1, the 
OXCs are represented by S1, S2 … S7.  In optical WDM networks, a lightpath is a 
route assigned a dedicated wavelength for transmit data. In this technology, different 
lightpaths cannot be established with the same wavelength over the same fiber.  
In designing wavelength-routed networks, that must be considered is how to 
establish lightpaths in optical networks by using algorithms and protocols in efficient. 
Where the algorithm should be able to select routes and assign wavelengths by 
utilizing network resources efficiently and maximize the number of lightpaths that can 
be established. While, signaling protocols are used while establish lightpath, expected 
ω1 ω2 
ω1 
ω2 
ω2 
S7 
S1 S2 
S3 S5 
S4 S6 
A B 
C 
D E 
F 
  
3.3. Routing and Wavelength Assignment (RWA)  17 
 
 
to managing the distribution of control messages and network state information in 
order to make the connection at the right time. 
3.3 Routing and Wavelength Assignment (RWA)  
 As mentioned before, there are 2 problems in the RWA, the first problem is to 
find a route for lightpath and the second problem is assigning a wavelength, by 
minimizing the use of network resources, while a lightpath must use the same 
wavelength on the same fiber along the route. This is referred to the wavelength-
continuity constraint.  
There are two constraints on RWA are: 
1.  Wavelength continuity constraint; where a lightpath must use a common 
 wavelength on all the links along the route from source to destination. 
2.  Distinct wavelength constraint; if all lightpaths using the same link (fiber), then 
 the lightpath should be allocated to different wavelengths. 
RWA problem can be classified into two traffic assumptions: static RWA problem, 
where traffic requirements are known in advance and the dynamic RWA, where the 
order of lightpath requests arrive randomly, which will be explained in the following 
sections.   
 
3.3.1 Static Lightpath Establishment (SLE)  
When the trafﬁc demand is well-known in advance or trafﬁc variations take place 
over long time periods, the problem of assigning routes and wavelengths to all the 
demands is known as Static RWA or Static Lightpath Establishment (SLE) problem. 
The objective is to assign routes to lightpaths in order to minimize the network 
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resources usage (e.g. physical links and wavelengths). The SLE problem is known to 
be NP-complete, therefore polynomial-time algorithms which approximate solutions 
close to the optimal are preferred [6].  
Static RWA can be solved as an optimization problem by using integer 
programming formulations, where the objective is to minimize the maximum 
congestion level in the network according to some speciﬁc resource constraints [93, 
83]. The main advantage is that the problem is solved by considering the routing and 
the wavelength assignment problems jointly.  However the disadvantage of ILP 
(Integer Linier programming) formulations is the reduced solution scalability, i.e. it 
guarantees the solution of very small problem instances (e.g. limited topology or 
reduced number of nodes).  
Another possible approach for solving the static RWA problem is its 
decomposition into four subproblems [7]: 
 Topology subproblem: which is the set of lightpaths (logical topology) to be 
imposed on the physical topology; 
 Lightpath Routing subproblem: which are the routes for the lightpaths over the 
physical topology;  
 Wavelength Assignment subproblem: which is the wavelength to be assigned to 
each lightpath, according to the speciﬁc network restrictions; 
 Trafﬁc Routing subproblem: how to route data-trafﬁc among edge nodes over the 
logical topology. 
The wavelength-assignment sub-problem of the RWA problem can itself be 
formulated as a graph coloring problem, which is also NP-complete. Greedy heurstics 
for the wavelength-assignment problem for a static set of lightpaths typically involve 
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ordering the wavelengths, and assigning the same wavelength to as many lightpaths as 
possible before moving on to the next wavelength [8]. Also, the set of lightpaths may 
be ordered by length, such that wavelengths are assigned to longer lightpaths before 
wavelengths are assigned to shorter lightpaths. 
 
3.3.2  Dynamic Static Lightpath Establishment (DLE)  
When lightpaths are established and taken down dynamically, routing and 
wavelength assignment decisions must be made as connection requests arrive to the 
network. It is possible that, for a given connection request, there may be insufficient 
network resources to set up a lightpath, in which case the connection request will be 
blocked. The connection may also be blocked if there is no common wavelength 
available on all of the links along the chosen route. Thus, the objective in the dynamic 
situation is to choose a route and a wavelength which maximizes the probability of 
setting up a given connection, while at the same time attempting to minimize the 
blocking for future connections. Similar to the case of static lightpaths, the dynamic 
RWA problem can also be decomposed into a routing subproblem and a 
corresponding wavelength assignment subproblem.  
 
3.4 Routing Assignment  
Approaches to solving the routing subproblem can be categorized as being either 
fixed or adaptive, and as utilizing either global or local network state information. 
3.4.1  Fixed Routing 
 In fixed routing, a single fixed route is predetermined for each source-destination
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pair. When a connection request arrives, the network will attempt to establish a 
lightpath along the fixed route. If no common wavelength is available on every link in 
the route, then the connection will be blocked. A fixed routing approach is simple to 
implement; however, it is very limited in terms of routing options and may lead to a 
high level of blocking. In order to minimize the blocking in fixed routing networks, 
the predetermined routes need to be selected in a manner which balances the load 
evenly across the network links. Fixed routing schemes do not require the 
maintenance of global network state information. 
 
3.4.2  Adaptive Routing Based on Global Information 
Adaptive routing approaches increase the likelihood of establishing a connection 
by taking into account network state information. For the case in which global 
information is available, routing decisions may be made with full information as to 
which wavelengths are available on each link in the network.  
 
3.4.2.1  Centralized Versus Distributed Routing.  
Adaptive routing based on global information may be implemented in either a 
centralized or distributed manner. In a centralized algorithm, a single entity, such as a 
network manager, maintains complete network state information, and is responsible 
for finding routes and setting up lightpaths for connection requests. Since a 
centralized entity manages the entire network, there does not need to be a high degree 
of coordination among nodes; however, a centralized entity becomes a possible single 
point of failure. Furthermore, a centralized approach does not scale well, as the 
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centralized entity would need to maintain a large database to manage all nodes, links, 
and connections in the network.  
3.4.2.2 Alternate-Path Routing.  
One approach to adaptive routing with global information is alternate-path routing. 
Alternate-path routing relies on a set of predetermined fixed routes between a source 
node and a destination node [6], [9]. When a connection request arrives, a single route 
is chosen from the set of predetermined routes, and a lightpath is established on this 
route. The criteria for route selection are typically based on either path length or path 
congestion. An example of a routing algorithm based on path length is the K-shortest 
paths algorithm, in which the first K shortest paths are maintained for each source-
destination pair, and the paths are selected in order of length, from shortest to longest. 
A connection is first attempted on the shortest path. If resources are not available on 
this path, the next shortest path is attempted. A path selection policy based on path 
congestion examines the available resources on each of the alternate paths, and 
chooses the path on which the highest amount of resources is available. Choosing the 
shortest-path route consumes less network resources, but may lead to high loads on 
some of the links in the network, while choosing the path with the least congestion 
leads to longer paths, but distributes the load more evenly over the network. 
 
3.4.2.3 Unconstrained Routing.  
Another adaptive routing approach utilizing global information is unconstrained 
routing which considers all possible paths between a source node and a destination 
node. In order to choose an optimal route, a cost is assigned to each link in the 
network based on current network state information, such as wavelength availability 
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on links. A least-cost routing algorithm is then executed to find the least cost route. 
Whenever a connection is established or taken down, the network state information is 
updated. Two examples of unconstrained routing approaches are link-state routing 
and distance-vector routing. 
In a distributed link-state routing approach, each node in the network must 
maintain complete network state information. Each node may then find a route for a 
connection request in a distributed manner. All of the nodes must be informed 
whenever the state of the network changes. Therefore, the establishment or removal of 
a lightpath in the network may result in the broadcast of update messages to all nodes 
in the network. The need to broadcast update messages may result in significant 
control overhead. Furthermore, it is possible for a node to have outdated information, 
and for the node to make an incorrect routing decision based on this information. 
Although routing schemes based on global knowledge must deal with the task of 
maintaining a potentially large amount of state information which is changing 
constantly, these schemes often make the most optimal routing decisions if the state 
information is up to date. Thus, global-knowledge based schemes may be well suited 
for networks in which lightpaths are fairly static and do not change much with time. 
 
3.4.3 Adaptive Routing Based on Local Information 
While near-term emerging systems will be fairly static, with lightpaths being 
established for long periods of time, it is expected that, as network traffic continues to 
scale up and become more bursty in nature, a higher degree of multiplexing and 
flexibility will be required at the optical layer. Thus, lightpath establishment will 
become more dynamic in nature, with connection requests arriving at higher rates, and
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 lightpaths being established for shorter time durations. In such situations, maintaining 
distributed global information may become infeasible. The alternative is to implement 
routing schemes which rely only on local information. 
A number of adaptive routing schemes exist which rely on local information 
rather than global information. The advantage of using local information is that the 
nodes do not have to maintain a large amount of state information; however, routing 
decisions tend to be less optimal than in the case of global information. Two examples 
of local-information-based adaptive routing schemes are alternate routing with local 
information, and deflection routing. 
 
3.4.3.1 Alternate-Path Routing with Local Information  
While alternate-path routing schemes typically rely on global information, 
variations exist which utilize only local information. A least-congested alternate path 
routing scheme is investigated in [10]. In this scheme, the choice of a route is 
determined by the wavelength availability along the alternate paths. Two variations of 
the scheme are considered: the case in which wavelength availability information is 
known along the entire path, and the case in which only local information is available. 
In the first approach, the decision making entity is aware of the wavelength 
availability information for all of the links in each of the alternate paths. In this case, 
the chosen route is that which has the greatest number of wavelengths which are 
available along all of the links in its path. For example, in Fig. 3.2, if we consider two 
alternate routes from source node A to destination node B, with available wavelength 
as shown on each link, then two wavelengths (ω1 and ω2) are available along the
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Fig. 3.2: Alternate routing 
 
entire length of route 1, while only one wavelength (ω1) is available along the entire 
length of route 2; thus, route 1 will be chosen. 
The limitation of basing the route selection decision on full path information is 
that the information may be difficult to maintain or difficult to obtain in a timely 
manner. Each node would be required to either maintain complete state information, 
or the information would need to be gathered in real time, as the lightpath is being 
established. The alternative, based on local information, is to gather wavelength 
availability information only along the first k hops of each path. The route is then 
chosen based on which path is the least congested along its first k hops. In Fig. 3.2, if 
k = 2, then route 1 would be chosen, since it has three wavelengths available on the 
first two links (ω1, ω2 and ω3), while route 2 only has two wavelengths available on 
the first two links (ω1 and ω3). Although local information may provide a good  
estimate of the congestion along a path, it does not guarantee that any particular 
wavelength will be available along the entire path; thus, it is possible that after 
choosing a route, the connection will still be blocked due to lack of available 
wavelengths. 
 
Route 2 
Route 1 
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3.4.3.2 Deflection Routing  
Another approach to adaptive routing with limited information is deflection 
routing, or alternate-link routing [11]. This routing scheme chooses from alternate  
links on a hop-by-hop basis rather than choosing from alternate routes on an end-to-
end basis. The routing is implemented by having each node maintain a routing table 
which indicates, for each destination, one or more alternate outgoing links to reach 
that destination. These alternate outgoing links may be ordered such that a connection 
request will preferentially choose certain links over other links as long as wavelength 
resources are available on those links. Other than a static routing table, each node will 
only maintain information regarding the status of wavelength usage on its own 
outgoing links. When choosing an outgoing link for routing, the decision can be 
determined on either a shortest-path or least-congested basis.  
Under the shortest path criteria, the routing scheme will first attempt to choose the 
outgoing link which results in the shortest path to the destination. If there is no 
feasible wavelength available on the link, then the routing scheme will attempt to 
choose an alternate outgoing link which leads to the next shortest path to the 
destination. The routing scheme proceeds in this manner until the destination is 
reached or the connection is blocked. Fig. 3.3(a) illustrates the deflection routing 
scheme for a connection request from node S to node D. The default shortest path in 
this example is along the path S12D. When the request reaches node 2, it 
cannot continue over link 2D, since no common wavelength is available on links S-1, 
1-2, and 2-D. The request is therefore deflected to node 4, where it can continue to the 
destination along link 4D. The wavelength selected for the lightpath will be ω1. Note 
that, in the absence of any deflections, the default routing for any connection will be
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shortest-path routing. Also, once the routing for a lightpath is deflected at a node, the 
default routing from the point of deflection onward will again be shortest-path routing 
if no further deflections take place. 
In a least-congested deflection routing approach, the routing scheme chooses, 
from among the alternate outgoing links, the link which has the largest number of 
feasible wavelengths. The set of feasible wavelengths consists of the set of 
wavelengths which are available on all of the previous hops as well as the next 
outgoing link. Least-congested deflection routing is illustrated in Fig. 3.3(b) for a 
connection from node S to node D. On the first hop, link S-1 is selected, since it has 
three available wavelengths, while link S-3 has only two available wavelengths. 
When the connection request arrives to node 1, it will be routed to node 3, since there 
are three feasible wavelengths (ω1, ω2 and ω4) available on link 1-3, and there is only 
one feasible wavelength (ω1) available on link 1-2. The least-congested deflection 
routing approach will generally result in longer paths than the shortest-path deflection 
routing approach; however, least-congested deflection will allow a lightpath to be 
routed around congested areas in the network, balancing the load more evenly across 
the network. The results in [11] show that a shortest-first policy results in lower 
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Fig. 3.3: Deflection route 
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blocking at low loads, while a least-congested policy results in lower blocking at 
higher loads. 
A number of issues arise when implementing a deflection routing scheme. One 
such issue is the problem of looping, in which a connection request message returns to 
a node which has already been visited. Loop detection may be addressed by having 
each connection request message maintain a path vector containing a list of visited 
nodes. If a node receives a connection request message which indicates that the 
message has already visited this node, then the connection attempt will be blocked. 
An alternative to maintaining a path vector is to utilize a time-to-live field, which 
would prevent the connection request message from looping in the network 
indefinitely. 
Another problem which may arise is that a connection request may be deflected a 
large number of times, leading to an unreasonably long route for the lightpath. 
Possible solutions to this problem include limiting the maximum length or number of 
hops in a lightpath, or limiting the number of deflections that a route can take. When a 
connection request message reaches its limit on the maximum number of hops or 
deflections, the connection attempt will be blocked. Further restrictions may also be 
placed on the selection of possible outgoing ports in order to prevent routes from 
heading back towards the source node. 
 
3.5 Wavelength Assignment  
In general, if there are multiple feasible wavelengths between a source node and a 
destination node, then a wavelength assignment algorithm is required to select a 
wavelength for a given lightpath. The wavelength selection may be performed either 
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after a route has been determined, or in parallel with finding a route. Since the same 
wavelength must be used on all links in a lightpath, it is important that wavelengths 
are chosen in a way which attempts to reduce blocking for subsequent connections. A 
review of wavelength-assignment approaches can be found in [12]. 
One example of a simple, but effective, wavelength-assignment heuristic is first-
fit. In first-fit, the wavelengths are indexed, and a lightpath will attempt to select the 
wavelength with the lowest index before attempting to select a wavelength with a 
higher index. By selecting wavelengths in this manner, existing connections will be 
packed into a smaller number of total wavelengths, leaving a larger number of 
wavelengths available for longer lightpaths. 
Another approach for choosing between different wavelengths is to simply select 
one   of   the   wavelengths   at random. In  general, first-fit  will  outperform  random 
wavelength  assignment  when  full  knowledge  of  the network state is available [13]. 
However,  if  the  wavelength  selection  is  done  in  a  distributed  manner, with  only 
limited or outdated information, then random wavelength assignment may outperform 
first-fit assignment. The  reason  for  this  behavior  is  that,  in  a  first-fit  approach, if 
multiple connections are attempting to set up a lightpath  simultaneously, then  it  may 
be  more  likely  that  they  will  choose  the  same wavelength, leading to one or more 
connections being blocked.   
Other simple wavelength assignment heuristics include the most-used-wavelength 
heuristic and the least used-wavelength heuristic. In most-used wavelength 
assignment, the wavelength which is the most used in the rest of the network is 
selected. This approach attempts to provide maximum wavelength reuse in the 
network. The least-used approach attempts to spread the load evenly across all 
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wavelengths by selecting the wavelength which is the least-used throughout the 
network. Both most-used and least-used approaches require global knowledge. 
A number of more advanced wavelength assignment heuristics which rely on 
complete network state information have been proposed [14, 15]. It is assumed in 
these heuristics that the set of possible future lightpath connections is known in 
advance. For a given connection, the heuristics attempt to choose a wavelength which 
minimizes the number of lightpaths in the set of future lightpaths that will be blocked 
by this connection. It is shown that these heuristics offer better performance than first-
fit and random wavelength assignment. 
 
3.6 Wavelength Reservation Protocol  
Before transmission data in optical networks, a lightpath have to establish by 
reserving a wavelength in all links along a route between a sender and a receiver. 
There are two types of wavelength reservation protocols which are call forward 
reservation and backward reservation [16]. 
  
3.6.1 Forward Reservation 
In this reservation, a sender node decides which wavelength is used to transmit 
data. As shown in Fig. 3.4, when a transmission request arrives, the sender node 
selects an available wavelength and transmits a RESV message to reserve the 
wavelength. The RESV message reserves the wavelengths in all links along a route 
between a sender node and a receiver node. If wavelength contention occurs at an 
output port in intermediate node, the RESV message is discarded at the node and the 
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Fig. 3.4: Forward reservation 
 
lightpath establishment is blocked. When a RESV message reaches the receiver node, 
an ACK message which will propagate from the receiver node to the sender node is 
generated. After receiving the ACK message, the sender node sends data to the 
receiver node. In general, the forward reservation has high blocking probability 
because the sender nodes cannot get the wavelength information along routes. 
 
3.6.2 Backward Reservation 
In the backward reservation, a receiver node selects a wavelength. As despicted in 
Fig. 3.5, when a transmission request arrives, a sender node sends a PROB message 
which is collects information on available wavelengths in each link along a route. In 
backward reservation it does not reserve wavelength resources. When the PROB 
message reaches the receiver node, the receiver node selects a wavelength from a set 
of available wavelengths along the entire route based on certain criteria. However 
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Fig. 3.5: Backward reservation  
 
when the PROB message detects that all wavelengths have already been reserved by  
other transmission, the lightpath establishment is blocked. After PROB message 
reaches the receiver node, then the receiver node sends a RESV message to reserve 
the selected wavelength in each link along the route to the sender node. Also, when  
reservation by a RESV message collides with wavelength reservation by other RESV 
message, the corresponding lightpath establishment is blocked. After the sender node 
receives the RESV message, it sends data to the receiver node. The backward 
reservation can reduce blocking probability more efficiently than the forward 
reservation because wavelength usage in all links along a route is known before 
selection. Furthermore, duration of reservation in the backward reservation is smaller 
than that in the forward reservation. 
 
3.7 Conclusion 
In this chapter, we have presented some of the routing, wavelength assignment, 
and signaling protocols for establishing lightpaths in a wavelength-routed network. In 
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generally, the goal of routing and wavelength assignment algorithms for dynamic 
lightpaths is to minimize the number of blocked connections. The performance of 
these algorithms depends on signaling protocols for reserving wavelengths along a 
lightpath. In both forward and backward reservation schemes, additional information 
is gathered along the path before deciding on a wavelength. The two schemes differ in 
how they are affected by simultaneous connection requests. In the forward reservation, 
the over-reservation of wavelength resources leads to higher blocking for other 
connections, while in the backward reservation, there is the possibility that a 
previously available link in the route will be taken by another connection request. 
Specifically, in Chapter 4, 5 and 6, we use backward reservation which collect 
available wavelength along the route between source and destination. 
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Chapter 4 
 
Wavelength Selection based on 
Wavelength Availability in Multifiber 
WDM Networks 
 
 
 
 
4.1 Introduction 
In this Chapter, we focus on a wavelength selection scheme for a lightpath 
establishment based on wavelength availability in multifiber WDM networks. To 
select a wavelength, we collect information on wavelength availability on fibers in 
each link along a route between sender node and receiver node by signaling of 
backward reservation.  By doing so it makes wavelength usage in links smooth and 
the generation of bottleneck links is suppressed. Through simulation experiments, this 
scheme shows that proposed schemed decreases blocking probability efficiently in 
multifiber WDN networks. 
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4.2.   Background 
In dynamic lightpath establishments which dynamically establish lightpaths on 
demand [17], blocking of lightpath establishments is one of significant issues. 
Lightpaths cannot be established with the same wavelength in the same fiber at the 
same time. Furthermore, to satisfy the wavelength continuity constraint, a lightpath 
must use a common wavelength along a route from a source node to a destination 
node, unless wavelength conversion technologies are used. However, wavelength 
conversion is still immature. Therefore, we assume that wavelength conversion is not 
used at any nodes. Without wavelength conversion, lightpath establishments are often 
rejected due to unavailability of a common wavelength along a route. These issues 
lead to inefficient utilization of wavelength channels. As a result, blocking probability 
of lightpath establishments becomes very high. 
To resolve this problem, multifiber WDM networks have been considered in the 
past [18], [19], [20]. In multifiber WDM networks, each link consists of multiple 
fibers. Thus, the same number of lightpaths as fibers can be established with the same 
wavelength at each link, so that blocking probability of lightpath establishments 
decreases. Furthermore, blocking probability can be improved by appropriate 
wavelength selection (assignment) schemes, which select a wavelength for a lightpath 
establishment. 
 
4.3  Multifiber WDM Networks 
As mentioned earlier, in single fiber WDM networks, two or more lightpath cannot 
be established with the same wavelength and the same link.  However, in the multi- 
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fiber WDM networks, multiple lightpaths can be established with the same 
wavelength at the same link as shown in Fig. 4.1, where each link has two fibers. In 
this figure, we assume that a lightpath with a given wavelength from fiber 1 in input 
link 1 to fiber 2 in output link 2 has already been established at an intermediate node. 
If the number of fibers in output link 2 is 1, i.e., single fiber link, a new lightpath for 
output link 2 cannot be established with the same wavelength. On the other hand, in 
multifiber networks, a new lightpath with the same wavelength can be established in a 
different fiber as depicted in the figure. Thus multifiber environments improve the 
blocking performance of WDM networks. 
In multifiber WDM networks, a new lightpath establishment is blocked at an 
output link of an intermediate node when lightpaths with the same wavelength are 
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Fig. 4.1: Intermediate node in multifiber WDM networks 
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already established in all fibers at the output link of the intermediate node. Therefore, 
to reduce blocking probability, the proposed scheme avoids the generation of such 
bottleneck links by strategically selecting a wavelength for a lightpath establishment.  
 
4.4 Wavelength Selection in Multifiber WDM Networks 
4.4.1   Basic Idea 
In order to avoid the generation of bottleneck links, the proposed scheme selects a 
wavelength in such a way that it makes wavelength usage in links smooth. To do so, 
the proposed scheme collects information on wavelength availability in each link 
along a route between a source node and a destination node by using signaling of 
backward reservation. Then the proposed scheme selects the least-used wavelength 
along the route to make wavelength usage in links smooth, and thus the proposed 
scheme is expected to improve blocking probability of lightpath establishments. 
 
4.4.2. Backward Reservation 
When a transmission request arrives, a lightpath is dynamically established by 
reserving a wavelength in all links along a route from a source node to a destination 
node. To establish a lightpath, this proposed scheme uses a signaling protocol called 
backward reservation as shown in Fig. 4.2. The procedure of backward reservation is 
as follows. At first, a sender node sends a PROB message to a receiver node without 
reservation of wavelength resources along a route. The PROB message collects 
information on available wavelengths along the route. After the PROB message 
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Fig. 4.2: Backward reservation in proposed scheme. 
reaches the receiver node, the receiver node selects a wavelength based on certain 
criteria. Then the receiver node sends a RESV message to reserve the selected 
wavelength on a fiber at each link along the route. After the sender node receives the 
RESV message, it sends data to the receiver node. Note that in multifiber WDM 
networks, a new lightpath establishment is blocked when lightpaths with the same 
wavelength are already established in all fibers at an output link in an intermediate 
node. When data transmission finishes, then the wavelength reservation is released.  
 We show an example of the backward reservation in multifiber WDM networks 
with Fig. 4.3.  Each link consists of 3 fibers. Firstly, the source node sends a PROB 
message. In this example, wavelengths {ω1, ω2, ω3 and ω4} are available on fiber1 
between the source node and the intermediate node. Similarly, wavelengths {ω1, ω2} 
and {ω2, ω4} are available on fiber 2 and fiber 3, respectively. Furthermore, 
wavelengths available on fiber 1, fiber 2, and fiber 3 between the intermediate node 
and the destination node are {ω1, ω3}, { ω3, ω4}, and { ω1}, respectively. The PROB 
RESV 
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Fig. 4.3: Wavelength usage. 
message collects information on such wavelength availability. After receiving the  
PROB message, the destination node knows that ω1, ω3 and ω4 are available along the 
entire route. Thus, the destination node selects a wavelength from {ω1, ω3, ω4}. Then, 
the destination node sends RESV message to the source node in order to reserve the 
selected wavelength. 
 
4.5 Related Works 
In the past, many wavelength selection schemes for single-fiber networks have 
been proposed [21], [22]. However, characteristic of single-fiber WDM networks is 
different from that of multifiber WDM networks. Therefore, those wavelength 
selection schemes may not work well. Also, for multifiber WDM networks, several 
wavelength selection schemes have been proposed [23], [24], but they assume that 
wavelength availability in networks are known in advance. On the other hand, the 
proposed scheme collects information on wavelength availability on demand by 
signaling of backward reservation, and thus it does not need to know wavelength 
availability in advance. 
S INT 
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4.6 Proposed Scheme 
4.6.1  The Idea of the Proposed Scheme 
 
In order to avoid the generation of bottleneck links, the proposed scheme selects a 
wavelength in such a way that it makes wavelength usage in links smooth. To do so, 
the proposed scheme collects information on wavelength availability in each link 
along a route between a sender node and a receiver node by using signaling of 
backward reservation. Then the proposed scheme selects the least-used wavelength 
along the route to make wavelength usage in links smooth, and thus the proposed 
scheme is expected to improve blocking probability of lightpath establishments. 
 
 
4.6.2  Wavelength Selection 
The proposed scheme selects a wavelength based on wavelength availability in 
fibers of each link along a route between a sender node and a receiver node, which is 
collected by a PROB message. Specifically, the proposed scheme selects the least-
used wavelength along the route. By doing so, wavelength usage in each link is 
smoothed and thus the generation of bottleneck links is suppressed. As a result, 
blocking probability of lightpath establishments is expected to be reduced. To do so, 
we define a cost C ω of wavelength ω along route p as follows: 
                                                     
 

pl lf
flxC  ,,                                   (4.1) 
where if wavelength ω is available in fiber f of link l along route p between a sender 
node and a receiver node, xl,f,ω 0; otherwise, xl,f,ω = 1. In the proposed scheme, when a 
receiver node receives a PROB message, it selects a wavelength ω with the smallest 
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cost Cω. Then the receiver node sends a RESV message to reserve the selected 
wavelength. 
We show an example of wavelength selection in the proposed scheme with Fig. 4.3. 
The cost of ω1 is 2 because ω 1 is not available on fiber 3 between the sender node and 
the intermediate node and on fiber 2 between the intermediate node and the receiver 
node. Similarly, the costs of ω 2, ω 3 and ω 4 are 3, 3 and 3, respectively. Note that ω 2 
is not available along the entire route because ω 2 is not available on all fibers in the 
link between the intermediate node and the receiver node. Therefore, the receiver 
node selects a wavelength from ω 1, ω 3 and ω 4. In this case, ω 1 is selected because it 
has the smallest cost. 
 
4.7 Performance Evaluation 
4.7.1 Model 
To evaluate the performance of the proposed scheme, we conduct simulation 
experiments with a network model shown in Fig. 4.4. It consists of 24 nodes and 43 
links. We assume that there are no wavelength converters at any nodes. For simplicity, 
we assume that the propagation delay of each link is equal to 1 msec, and processing 
time of signaling at each node is 0.1 msec. At each node, data transmission requests 
are generated according to a Poisson process with rate λ. The destination of each 
request is independently chosen equally likely among all possible nodes, and its route 
is set to be a shortest path between the sender and the receiver. Holding time of each 
lightpath follows an exponential distribution with mean L = 0.1 sec. The number F of 
fibers in each link is set to be 16, unless stated otherwise. The total number W of
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Fig. 4.4: Network model. 
 
wavelengths supported by each fiber is set to be 8, unless stated otherwise. We define 
ρ as the offered load per wavelength on a fiber: 
     
FW
L
                                            (4.2)
 
For each scenario, we collect 30 independent samples from simulation experiments.  
 
4.7.2 Simulation Results 
Fig. 4.5 shows the blocking probability of lightpath establishments as a function of 
the offered load. For the sake of comparison, we also plot the blocking probability of 
lightpath establishments of random wavelength selection scheme, which randomly 
select a wavelength from available wavelengths when a destination node selects a 
wavelength for a lightpath establishment. As shown in Fig. 4.5, the random 
wavelength selection scheme has the high blocking probability and the proposed 
scheme improves the blocking probability efficiently. 
We examine the robustness of the superior performance of the proposed scheme 
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Fig. 4.5: Blocking probability (F=16, W=8). 
 
 
against the number F of fibers in each link. Fig. 4.6 shows the blocking probability of 
lightpath establishments as a function of the number F of fibers in each link, where ρ 
= 0.3. We observe that the blocking probabilities of both schemes decrease with the 
increase of F because of the large-scale effect. We also observe that the proposed 
scheme dramatically improves the blocking probability when the number of fibers is 
large.  
Next, we examine the performance of the proposed scheme against the total 
number W of wavelengths in each fiber. Fig. 4.7 shows the blocking probability of 
lightpath establishments as a function of the number W of wavelengths in each fiber, 
where ρ = 0.3. As we can see from this figure, the proposed scheme decreases the 
blocking probability with the increase of W. This is because the proposed scheme 
efficiently distributes loads when W is large. We conclude that the proposed scheme 
works well in the situation that the numbers of wavelengths and fibers are large. 
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Fig. 4.6:  Blocking probability (ρ=0.3, W=8). 
 
 
 
 
 
Fig. 4.7: Blocking probability (F=16, ρ=0.3). 
 
Finally, we examine the average end-to-end delay of the proposed scheme. In this 
paper, end-to-end delay is the interval time until a lightpath released after a PROB 
message is sent by a source node. Fig. 4.8 shows the average end-to-end delay as a 
function of the offered load. As shown in this figure, the average end-to-end delay is
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Fig. 4.8: Average end-to-end delay. 
 
almost the same because the proposed scheme provides wavelength selection and 
does not add extra delay. 
 
4.8 Conclusion 
In this chapter, we proposed a wavelength selection scheme for multifiber WDM 
networks. The proposed scheme selects a wavelength based on information on 
wavelength availability which is collected by signaling of backward reservation. 
Through several simulation experiments, we examined that the proposed scheme 
improves the blocking probability of lightpath establishment efficiently. 
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Chapter 5 
 
Dynamic Routing and Wavelength 
Assignment Scheme Using Signaling of 
Backward Reservation in Multifiber 
WDM Networks 
 
 
 
5.1 Introduction 
In this Chapter, we presented a dynamic routing and wavelength assignment (RWA) 
scheme using signaling of backward reservation in multifiber WDM networks. The 
information on link state is collected by signaling of backward reservation along 
multiple routes between a sender node and receiver node whenever a new lightpath-
setup request. We extend to select a combination of a route and a wavelength at the 
receiver node based on information on link state which is collected by signaling 
reservation along multiple routes between a sender node and a receiver node 
whenever a new lightpath-setup request arrives in such a way that it makes 
wavelength usage in the routes smooth. Simulation experiments show that the 
combination of a route and a wavelength selection efficiently improves blocking 
probability of lightpath establishment.  
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5.2 Background 
In this chapter, we  focus on networks in which lightpaths are dynamically 
established according to lightpath-setup requests [17].  The performance metric in 
such networks is typically blocking probability of lightpath establishments. In WDM 
networks, the blocking probability of lightpath establishments is generally high 
because a lightpath occupies a wavelength in all links along an end-to-end route. 
Therefore, two or more lightpaths cannot be established with the same wavelength in 
the same fiber on the same link. Furthermore, without wavelength conversion 
technologies, a lightpath must use a common wavelength in all links along the route 
(i.e., wavelength continuity constraint), so that lightpath establishments are blocked 
frequently. Therefore, blocking of lightpath establishments is one of the significant 
issues to be resolved in WDM networks. 
Multifiber environments enhance the performance of WDM networks [18], [19], 
[20]. In multifiber WDM networks, each link consists of multiple fibers. Thus, the 
same number of light- paths as fibers can be established with the same wavelength 
on each link, so that blocking probability of lightpath establishments decreases. 
Furthermore, blocking probability can be improved by appropriate dynamic routing 
and wavelength assignment (RWA) schemes [21], [27]. 
 
5.3 Related Work 
In the past, several dynamic RWA schemes have been proposed for multifiber 
WDM networks without wavelength conversion [23], [24]. In [23], the authors 
proposed three dynamic RWA algorithms.  In [24], the authors proposed two RWA 
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schemes called PACK and SPREAD. Although the authors showed that those RWA 
schemes reduce the blocking probability of lightpath establishments, they need link 
state information such as wavelength availability in each link in advance.  Therefore, 
each node has to exchange link state information periodically with a given time 
interval or every time the link state changes [27], [28], [29]. In existing RWA 
schemes, the blocking probability of lightpath establishments depends on how to 
exchange the link state information. They may not work well due to lack of precise 
link state information. Furthermore, they do not consider wavelength reservation 
protocols such as backward reservation [26]. The wavelength reservation protocols 
reserve a wavelength along a route for a lightpath. We should take into account the 
impact of delay of wavelength reservation such as propagation delay and switching 
time of signaling because network status changes continuously. 
 
5.4 Proposed Scheme 
5.4.1  Overview 
The proposed scheme provides RWA for multifiber WDM optical networks. In 
the conventional schemes, a route is selected by a sender node as mentioned above. 
On the other hand,  in  the  proposed  scheme,  a  receiver  node  selects  a route from 
pre-defined routes which are link-disjoint paths. Specifically, the receiver node 
selects a combination of a route and a wavelength based on information on 
wavelength availability along those pre-defined routes which is collected by PROB 
messages of backward reservation whenever a new lightpath-setup request arrives as 
decribed in chapter 4. Thus the proposed scheme does not need to know link state 
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information in advance. 
The proposed scheme aims to reduce the blocking probability of lightpath 
establishments by selecting a combination of a route and a wavelength according to 
the number of available wavelengths and usage of each wavelength in links along 
routes for the following reasons. Bottleneck links are generated when traffic 
concentrates in certain links and all wavelengths in the links are used simultaneously. 
In this case, further lightpaths cannot be established in the links. Therefore, we expect 
to reduce the blocking probability by avoiding the generation of bottleneck links. To 
do so, the proposed scheme distributes loads. Specifically, the proposed scheme 
tends to select a combination whose route has more available wavelengths. 
Furthermore, it is not preferable that a specific wavelength is used in all fibers in 
a link. A lightpath must use a common wavelength along the entire route due to 
wavelength continuity constraint. Therefore, a wavelength cannot be used in the case 
where the wavelength is already used in all fibers in a certain link along the route 
even if the wavelength is available in other links. Thus, in order to avoid this 
situation, the proposed scheme selects a combination of a route and a wavelength 
for each lightpath establishment based on usage of each wavelength in links along 
routes. Specifically, the proposed scheme selects the combination in such a way that 
it makes wavelength usage in each link smooth. 
 
5.4.2 The Procedure of proposed scheme 
In what follows, we explain the detail procedure of the proposed scheme. We 
assume that wavelength conversion is not available at each intermediate node
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1)   Construction of pre-defined paths: The proposed scheme constructs lightpaths via 
pre-defined link-disjoint paths. In this paper, we adopt the following simple algorithm 
to construct those paths for each pair of a sender node and a receiver node. Let G 
= (V, E) denote a directed graph, where V and E denote sets of nodes and links, 
respectively. At first, we find the shortest path from a sender node to a receiver 
node on G, using Dijkstra’s algorithm, and adopt the path as a link- disjoint path. 
Then the links along the path is removed from G. We find the new shortest path on 
the resulting graph and the path is adopted as a new link-disjoint path. Until no routes 
from the sender node to the receiver node, the procedure is repeated. 
 
2)  Collecting information by signaling:  The proposed scheme collects information 
on wavelength availability on links along multiple routes from a sender node and a 
receiver node with signaling of backward reservation whenever a request of a new 
lightpath establishment arrives. The procedure is as follows. When a request of 
lightpath establishment arrives, a sender sends PROB messages to a receiver node 
along pre-defined link-disjoint paths in parallel as shown in Fig. 5.1. The PROB 
messages do not reserve wavelength resources. They collect information on 
wavelength availability in links along the paths. The receiver node waits until it 
receives all PROB messages from the sender node. After receiving them, the 
receiver node selects a route and a wavelength based on information collected by 
PROB messages. Then the receiver node sends a RESV message to the sender along 
the selected route to establish a lightpath with the selected wavelength. Note that the 
proposed scheme efficiently uses wavelength resources because it reserves the 
selected wavelength in links along not all routes but only the selected route.
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Fig. 5.1: Collecting information along routes by signaling of backward reservation. 
 
3)  Route and wavelength selection: After receiving a PROB message, a receiver 
node selects a combination of a route and a wavelength based on information 
collected by signaling of backward reservation. Specifically, the proposed scheme 
selects a combination of route p and wavelength ω with the smalles , where 
 denotes cost of  the combination of route p and wavelength ω. If is ∞ 
for all combinations of route p and wavelength ω, a new lightpath establishment is 
blocked. Note that if there are two or more combinations with the minimum cost, 
the proposed scheme selects a combination with shorter hops.  Furthermore, if the 
number of hops of them is the same, the proposed scheme selects one randomly. 
is defined as follows: 
                                                                  (5.1) 
 
where εp    denotes the set  of links  along route p  from the sender node to the 
receiver node and  denotes the  cost of wavelength ω in link l. We define 
as follows: 
                                    (5.2) 
where denotes the number of fibers in which wavelength  ω is already used
  
5.4. Proposed Scheme                                                    51 
 
 
 
link l,   denotes the set of fibers in link l,  denotes the number of used  
wavelengths in fiber f in link l, and   denotes the number of wavelengths 
supported by fiber f in link l. As we can see from (5.2), the proposed scheme selects 
a combination of a route and a wavelength according to the number of available 
wavelengths and usage of each wavelength in links along routes. Specifically, the 
cost increases with the number  of fibers in which wavelength ω is used in link 
l. Also, the cost increases with the total number of wavelengths used in link l. 
We show an example of the proposed scheme with Fig. 5.2, where Ui   (i = 1, 2, 
3) in each link denotes the set of used wavelengths in fiber i. In this figure, we 
assume that there are two pre-defined routes between the sender node and the 
receiver node. Route p1 includes links l1 and l2. Route p2 includes links l3, l4, and l5. 
Each link consists of three fibers and each fiber support three wavelengths ω1, ω2,
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Fig. 5.2: An example of the proposed 
scheme. 
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Table 5.1: Cost of the example 
 
 
 
 
 
 
 
and ω3. As we can see from this figure, the cost  of ω1 in the link is 8/9 and 
4/9, respectively. Similarly, we can calculate the cost of each wavelength in each 
link. Therefore, the cost   is calculated by (5.1) as shown in Table 5.1. In this 
case, is the smallest. Thus, the receiver node selects the combination of route 
p2   and wavelength ω1. 
 
 
 
5.5 Performance Evaluation 
5.5.1 Model 
To evaluate performance of the proposed scheme, we conduct simulation 
experiments with network models shown in Fig. 5.3 and Fig. 5.4. We assume that 
there are no wavelength converters at any nodes. System parameters are listed in 
Table 5.2. For simplicity, we assume that the propagation delay of each link is equal 
to 1 msec, and processing time of signaling at each node is 0.1 msec. The number W  
of wavelengths supported by each fiber is set to be 8 and the number F  of fibers 
in each  link  is  set  to  be  4,  unless stated  otherwise.  Holding time of each
Combination Cost 
 4/9 + 14/9 = 2 
 8/9 + 14/9 = 22/9 
 4/9 + ∞ = ∞ 
 0 + 0 + 1/9 = 1/9 
 2/9 + 2/9 + 0 = 4/9 
 2/9 + 2/9 + 0 = 4/9 
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               Fig. 5.3: Topology 1.                                              Fig. 5.4: Topology 2. 
 
Table 5.2: Parameters in simulation experiments 
 
 
 
 
 
 
 
lightpath follows an exponential distribution with mean L = 10 sec. At each node, 
lightpath-setup requests are generated according to a Poisson process with rate λ. 
The destination of each request is independently chosen equally likely among all 
possible nodes. We define ρ as the offered load per wavelength on a fiber as 
mention in eq. (4.2) 
 
 We collect 30 independent samples from simulation experiments, and 95% 
confidence intervals are shown in each figure (even though most of them are 
invisible). 
For the sake of comparison, we use the following two schemes. These schemes 
are the same as the proposed scheme except that they use different cost functions 
Parameter Value 
Propagation delay of each link 1 [msec] 
Processing time of signaling at each node 0.1 [msec] 
Number W of wavelengths in each links 8 
Number F of fibers in each link 4 
Average holding time of lightpath 10 [sec] 
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instead of (5.2). In the first scheme, the cost   of wavelength ω in link l is 
defined as: 
                                             (5.1) 
Specifically, the receiver node randomly selects a combination from combinations 
with the shortest route in terms of the number of hops. 
The second scheme uses the cost function of SPREAD [9]. In SPREAD, the cost 
of wavelength ω in link l is defined as: 
                                      (5.2) 
where b1 is the basic cost associated with link l and d1 is a constant associated with 
link l. In  this  research,  both  of  b1  and  d1  are  set  to  be  1  for each link, similar 
to experiments in [19]. We call the first and second schemes SR and SPREAD- 
BASED hereafter, respectively. 
 
5.5.2 Simulation Results  
5.5.2.1 Result in Topologi I 
First, we examine the performance of the proposed scheme in topology 1. Fig. 
5 . 5  shows the blocking probability of lightpath establishments of the proposed 
scheme as a function of the offered load ρ in the topology 1, where F = 4 and W = 
8. Note that the blocking probability BP of lightpath establishments is defined as: 
Blocking probability of lightpath establishments  
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Fig. 5.5: Blocking probability in topology 1 (F = 4, W = 8). 
We also plot the results of SR and SPREAD-BASED.  As we can see from Fig. 
5.5, the blocking probability of SR is very high because it does not consider 
wavelength availability in the network and frequently generates bottleneck links. On 
the other hand, SPREAD-BASED and the proposed scheme improves the blocking 
probabilities of lightpath establishments because they suppress the generation of 
bottleneck links. We also observe that the proposed scheme exhibits the excellent 
performance. This result implies that the cost function of the proposed scheme is 
appropriate for the routing in the proposed scheme.        
 Next, we examine the performance of the proposed scheme against the number F 
of fibers in each link. Fig. 5.6 shows the blocking probability of lightpath 
establishments as a function of F in topology 1, where ρ = 0.5 and W = 8. As 
shown in this figure, the blocking probabilities of all schemes decrease with the 
increase of F because multifiber links fill the role of limited-range wavelength 
conversion. We also observe that the proposed scheme efficiently improves the 
blocking probability, regardless of the number F of fibers in each link. 
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Fig. 5.6: Blocking probability in topology 1 (ρ = 0.5, W = 8). 
 
 
Fig. 5.7: Blocking probability in topology 1 (ρ = 0.5, F = 4). 
 
We also examine the performance of the proposed scheme against the number W 
of wavelengths in each fiber. Fig. 5.7 shows the blocking probability of lightpath  
establishments as a function of W in topology 1, where ρ = 0.5 and F = 4. We observe 
that the proposed scheme reduces the blocking probability more efficiently than other 
schemes. Specifically, the blocking probability of the proposed scheme is about half 
of that of SPREAD-BASED. 
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Fig. 5.8: Blocking probability in topology 2 (F = 4, W = 8). 
 
      
 
 
 
 
Fig. 5.9: Blocking probability in topology 2 (ρ = 0.7, W = 8). 
 
5.5.2.2 Result in Topologi 2 
We now examine the performance of the proposed scheme in topology 2. Fig. 
5 . 8  shows the blocking probability of lightpath establishments of the pro- posed 
scheme as a function of the offered load ρ in topology 2, where F = 4 and W  = 8. 
As we can see from this figure, the proposed scheme shows the excellent 
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Fig. 5.10: Blocking probability in topology 2 (ρ = 0.7, F = 4). 
 
performance. 
Fig. 5.9 shows the blocking probability of lightpath estab- lishments as a function 
of F in topology 2, where ρ = 0.7 and W = 8. Also, Fig. 5.10 shows the blocking 
probability of lightpath establishments as a function of W in topology 2, where ρ = 
0.7 and F = 4. We observe that the proposed scheme efficiently reduce the 
blocking probability in topology 2, similar to the results in topology 1. 
 
 
            
5.6 Conclusion 
This paper proposed a dynamic RWA scheme using signaling of backward 
reservation in multifiber WDM optical net- works. In the proposed scheme, a route 
and a wavelength are selected based on wavelength availability which is collected 
by signaling of backward reservation along routes between a sender and a receiver. 
The proposed scheme makes wavelength usage in a network smooth, and thus the 
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generation of bottleneck links is suppressed. Through simulation experiments, we 
showed that the proposed scheme efficiently improves blocking probability of 
lightpath establishments in multifiber WDM optical network. 
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Chapter 6 
 
Dynamic Routing and Wavelength 
Assignment in Multifiber WDM Networks 
with Sparse Wavelength Conversion 
 
 
6.1 Introduction 
In this Chapter, we presented a dynamic routing and wavelength assignment 
(RWA) scheme in multifiber WDM networks with sparse wavelength conversion. In 
multifibers environments, each link consists of multiple fibers. Thus, lightpaths with 
the same wavelength can be established in the same link as long as they used different 
fibers. In WDM networks with sparse wavelength conversion, only a subset of the 
networks nodes has wavelength conversion capability which can convert one 
wavelength to another. In order to efficiently utilize these environments, an 
appropriate RWA scheme is necessary. The proposed scheme provides RWA for 
multifiber WDM networks with sparse wavelength conversion. In the proposed 
scheme, a route and wavelength are selected for each lightpath based on wavelength 
availability and location of nodes with wavelength conversion capability. Through 
simulation experiments, we show that the proposed scheme reduces the blocking 
probability of lightpath establishments efficiently. 
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6.2 Background 
All-optical wavelength division multiplexing (WDM) networks are received as 
the future backbone networks. The WDM technology increases the capacity of a fiber 
optic link by simultaneously transmitting multiple signals along lightpaths with 
different wavelengths over a single fiber [25]. If each link consists of multiple fibers 
in WDM networks, multiple lightpaths with a commond wavelength can be 
established in the same link as long as they use different fibers. Thus, multifiber 
environments enhance the performance of WDM networks such as blocking 
probability of lightpath establishments [18], [19], [20], [30]. Wavelength conversion 
techniques which convert one wavelength to another at intermediate nodes can also 
enhance the performance of WDM networks [31], [32], [33].  
A WDM networks is referred to as a network with full wavelength conversion if 
all nodes have wavelength conversion capability. On the other hand, in a WDM 
network with sparse wavelength conversion, only a subset of the network nodes has 
wavelength conversion capability. Furthermore, if a given wavelength can be 
converted to a limited number of wavelengths at the node with wavelength conversion 
capability, the wavelength conversion technology is referred to as limited-range 
wavelength conversion. In contrast, full-range wavelength conversion means that a 
given wavelength can be converted to any wavelength. This chapter focus on 
wavelength routed multifiber WDM networks with sparse and full-range wavelength 
conversion. Specifically, in the networks, a limited number of nodes have wavelength
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conversion capability and the nodes can convert a given wavelength to any 
wavelength.  
In order to efficiently utilize this multifiber and sparse wavelength conversion 
environment, an appropriate RWA scheme is necessary [21], [22]. Although RWA is 
categorized to static and dynamic, we focus on dynamic RWA in which lightpath is 
dynamically established as lightpath-setup requests arrive [17]. The performance 
metric in networks using dynamic RWA is typically blocking probability of lightpath 
establishments. A lightpath must use a common wavelength in all links along a route 
if there are no nodes with wavelength conversion capability along the route (i.e 
wavelength continuity constraint). Thus, we need an appropriate RWA scheme which 
considers location of nodes with wavelength conversion capability in order to reduce 
blocking probability of lightpath establishments.   
 
6.3 Related Work 
In the past, several dynamic RWA schemes have been proposed for multifiber 
WDM networks [23], [24], [34]. In [23], the authors proposed three dynamic 
RWA schemes named MCR, LSNLR, and F(ω, l). These schemes first select a 
route among the pre-determined routes and then they select a wavelength based 
in wavelength availability. In  [24], the  authors  proposed  two RWA schemes 
called PACK and SPREAD. They select a combination of a route and a 
wavelength based on some metric associated with each combination. In [34], the 
authors proposed a dynamic RWA scheme which selects a combination of a  
route and a wavelength based on wavelength availability collected by backward 
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Fig. 6.1: Intermediate node with wavelength conversion capability. 
reservation signaling. These RWA schemes do not consider wavelength 
conversion capability, and thus they cannot be directly applied to multifiber 
WDM networks with wavelength conversion.  
 
6.4 Proposed Scheme 
6.4.1  Overview 
The wavelength conversion technology further improves the blocking probability 
of WDM networks. The proposed scheme focuses on multifiber WDM networks with 
sparse wavelength conversion. Specifically, a subset of nodes in a multi-fiber WDM 
networks has full-range wavelength conversion capability. In the nodes, a given 
wavelength can be converted to any wavelength. We show an example with Fig. 6.1 
where each link has 2 fibers. In this figure, we assume that fiber 1 and 2 in the output  
link have been already used by lightpath with wavelength ω1. In this case, a new
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Fig. 6.2: Segments (nodes 2 and 4 have wavelength conversion capability) 
lightpath with the same wavelength cannot be established in the output link. Thus, the 
new lightpath establishment with wavelength ω1 is blocked if the node does not have 
wavelength conversion capability. On the other hand, if the nodes have wavelength 
conversion capability, the new lightpath can be established by converting an input 
wavelength (i.e., ω1 in the fig) to an available wavelength (i.e., ω2 in the figure.)  
The proposed scheme provides an RWA approach for multifiber WDM 
networks with sparse wavelength conversion. In the proposed scheme, a route 
between a sender node and a receiver node is selected from a set of pre-defined 
routes which are link-disjoint path, i.e., paths which do not share a link, and a 
wavelength is selected along the selected route. The proposed scheme considers 
location of nodes with wavelength conversion capability in route and 
wavelengthselection. In particular, the proposed scheme divides each path to 
segments between nodes with wavelength conversion capability as shown in Fig.6.2.  
Then the proposed scheme selects a route among defined paths and assigns 
wavelengths to segments along the selected route in such a way as to avoid the 
generation of bottleneck links and the depletion of a specific wavelength. 
To do so, the proposed scheme selects a route based on wavelength availability in 
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each segment. A bottleneck link is generated when traffic concentrates in a certain 
link and all wavelengths in the link are in simultaneous use.  In this case, further 
lightpaths cannot be established in the link. Therefore, we expect to reduce blocking 
probability by avoiding the generation of bottleneck links. In order to distribute loads 
and avoid the generation of bottleneck links, the proposed scheme tends to select a 
route which has segments with many available wavelengths.   
Furthermore, it is not preferable that a specific wavelength is used in all fibers in 
a link. A lightpath must use a common wavelength along a segment due to wavelength 
continuity constraint. Therefore, a wavelength cannot be used in cases where the 
wavelength is already used in all fibers on a certain link of the same segment. Thus, 
in order to avoid this situation, the proposed scheme selects a route based on usage 
of each wavelength in each link and assigns a least-used wavelength to each segment 
on the selected route.  
 
6.4.2 The Procedure of proposed scheme 
In the followings, we explain the detail procedure of the proposed scheme.  
1) Construction of pre-defined paths: The proposed scheme selects a route from a set 
of P of pre-defined link-disjoint paths. In order to construct those pre-defined paths, 
the proposed scheme adopts the following algorithm [3] for each pair of a sender node 
and a receiver node. Let G = ) denote a directed graph, where  and  denote set 
of nodes and links, respectively. At first, the proposed scheme finds the shortest path 
from a sender node to a receiver node on G, using Djikstra’s algorithm, and adopts the 
path as a link-disjoint path. Then the links along the path are removed from G. The 
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proposed scheme finds the new shortest path on the resulting graph and the path is 
adopted as a new link-disjoint path. The procedure is repeated as long as there are 
routes from the sender node to the receiver node.    
2) Route and Wavelength selection: The proposed scheme divides each path   
between a sender node and a receiver node to segments si (i=1,2, …, Np+1) between 
nodes with a wavelength conversion, where Np denotes the number of intermediate 
nodes with wavelength conversion capability along the path p. Note that the starting 
point of s1 is the sender node and the ending point of is the receiver node. We 
define cost Cp of path   as  
                                                           (6.1) 
where  denotes the set of available wavelengths in segment si and  denotes the 
cost of wavelength  in segment s. We define  as follows : 
                      (6.2) 
where  denotes the set of links in segment s,  denotes the number of link l’s 
fibers in which wavelength  is already used.  denotes the set of fiber in link l.   
 denotes the number of used wavelength in fiber f on link l and  denotes the 
number of wavelengths supported by fiber f on link l. Note that these information 
along routes is collected by some schemes (e.g., [13]). 
The proposed scheme selects a path with the smallest cost Cp as a route for a new 
lightpath. If Cp is infinity for all paths, the new lighpath establishment is blocked. 
Note that if there are 2 or more paths with the minimum cost, it selects a path with 
shorter hops. If the numbers of hops among them are the same, it selects one 
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randomly. Also, the proposed scheme assigns a wavelength with the smallest cost to 
each segment s ε p along the selected path p. Specifically, the proposed scheme uses 
wavelengths selected in (1). i.e.,wavelength  with the smallest cost  in each 
segment s  P. If there are multiple candidates, the proposed scheme selects one 
randomly. 
As it can be seen from eq. (6.1) and (6.2), the cost increases with the sum 
 of numbers of wavelengths used in link l. Also, the cost decrease with the 
increase in the number  of available wavelengths in segment s. Thus, the 
proposed scheme tends to select a route which has segments with many available 
wavelenghts. Moreover, the cost increases with the number  of link l’s fibers in 
which wavelength  is used. Therefore, we affirm that the proposed scheme selects a 
route based on usage of each wavelength in each link. 
3) An example of the proposed scheme :  
We show an example of the proposed scheme in Fig. 6.3., where i (i=1, 2, 3) in 
each link denotes the set of already used wavelengths in fiber i. We assume that each 
link consists of three fibers and each fiber supports 3 wavelengths 1, 2 and 3. In 
this figure, there are two pre-defined paths p and p’ between the sender node and the 
receiver node. Path p is devided into segments s1 and s2 by the node with wavelength 
comversion capability (denote by node with WC). Segments s1 includes l1and l2 and 
segments s2  includes l3. Also, path p’ is divided into segments s’1 and s’2 include link 
l4 and l5, respectively. 
We first calculate the cost of wavelength 1 for segment s1 from (6.2). 
Segment s1 consists of links l1 and l2 (i.e., l1, l2 ϵ  . As we can see from Fig. 6.3, 
  
6.4. Proposed Scheme    69 
 
 
 
Fig. 6.3: An example of the proposed scheme 
 
,  and  Similarly, ,  
 and  Thus the cost of wavelength 1 in segment s1 is 0 x 2/9 
+ 1 x 3/9 = 1/3. Also, we can calculate cost  of each wavelength in each 
segment p as shown in Table 6.1. Note that and are ∞ because 
wavelength 1 and 3 cannot be used in links l3 and l5, respectively.   
In segment s1, wavelength 1 is selected because  is the smallest in segment 
s1. Furthermore, in segment s2, wavelength 3 is selected. Since wavelength 1 
cannot be used in link l3 of segment s2 (i.e.  ),  and  are 3 
and 2, respectively. As a result, Cp is (1/3)/3 + (2/3)/2 = 4/9 (see (1)). Similarly, we 
can calculate the cost of Cp’. In this example, Cp’ is (4/9)/3 + (14/9)/2 = 25/27 and Cp 
is smaller than Cp’. Thus, the proposed scheme selects path and assigns wavelengths 
1 and 3 to segments s1 and s2, respectively. 
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Table 6.1: Cost of the Example 
 
Segment Cost Value 
  
0 x 2/9 + 1 x 3/9 = 1/3 
s1 
 
1 x 2/9 + 1 x 3/9 = 5/9 
  
1 x 2/9 + 1 x 3/9 = 5/9 
  
∞ 
s2 
 
2 x 6/9 = 4/3 
  
1 x 6/9 = 2/3 
  
1 x 4/9 = 4/9 
1 
 
2 x 4/9 = 8/9 
  
1 x 4/9 = 4/9 
  
2 x 7/9 = 14/9 
2 
 
2 x 7/9 = 14/9 
  
∞ 
 
 
6.5 Performance Evaluation 
6.5.1  Model 
 To evaluate performance of the proposed scheme, we conduct simulation 
experiments with the network topology shown in Fig. 6.4. It consists of 24 nodes and 
43 bidirectional links, and randomly selected 8 nodes have wavelength conversion
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Fig. 6.4: Network model 
capability, unless stated otherwise. For simplicity, we assume that the propagation 
delay of each link is equal to 0.1 msec and processing time of signaling at each node 
is 0.01 msec. Holding time of each lightpath follows an exponential distribution with 
mean L = 100 sec. At each node, lightpath-setup requests are generated according to a 
Poisson process with rate λ. The destination of each request is independently chosen 
equally likely among all possible nodes. As a signaling protocol to establish lightpaths, 
we use wavelength routing with backward reservation [13]. We define ρ as the offered 
load per wavelength on a fiber as mention in eq. (4.2), where W denotes the number 
of wavelengths supported by each fiber and F denotes the number of fibers in each 
link. We collect 30 independent samples from simulation experiments, and 95% 
confidence intervals are shown (even though most of them are invisible). 
For the sake of comparison, we use the following two RWA schemes. In the first 
RWA scheme, a path with the shortest hops is preferentially selected. Then the 
selected path p is divided into segment si between nodes with wavelength conversion 
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capability, similar to the proposed scheme. This scheme assigns a randomly selected 
wavelength to each segment. We refer this scheme as SR (shortest path routing and 
random wavelength assignment), hereafter. 
The second scheme is WLCR-FF [2]. This scheme is used in single fiber WDM 
networks with sparse or full wavelength conversion. In this scheme, a path which has 
many available wavelengths is preferentially selected and a wavelength for each 
segment in the selected path is assigned in a first-fit manner.  
   
 
6.5.2 Simulation Results  
 
 
Fig. 6.5 shows the blocking probability of lightpath establishments as a function 
of the offered load ρ in the topology 1, where W = 4 and F = 4. Note that the 
blocking probability BP of lightpath establishments is defined as: 
Blocking probability of lightpath establishments  
 
As it can be seen from Fig. 6.5, the blocking probability of SR is high because it does 
not consider wavelength availability and frequently generates bottleneck links. On the 
other hand, WLCR-FF and the proposed scheme reduce the blocking probability of 
lightpath establishments because they effectively utilize wavelength resources. We 
also observe that the proposed scheme reduce blocking probability more efficiently 
than WLCR-FF. This is because WLCR-FF not considers multifiber environments. 
On the other hand, the proposed scheme selects route and wavelengths, considering 
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Fig. 6.5: Blocking probability (W = 4, F = 4). 
wavelength availability in fibers. Thus the proposed scheme can utilize wavelength 
resources more efficiently than WLCR-FF in multifiber WDM networks. As a result  
the proposed scheme exhibits an excellent performance.  
We than demonstrate the robustness of the superior performance of the research 
against system parameter values such as the number of W of wavelengths supported 
by each fiber and the number F of fibers in each link.  
First, we examine the performance of the proposed scheme againsts the number W 
of wavelengths supported by each fiber. Fig. 6.6 shows the blocking probability of 
lightpath establishments as a function of the offered load p, where W = 12 and F = 4. 
As we can see from this figure, SR has high blocking probability. We also observe 
that this research reduces the blocking probability more efficiently than WLCR-FF.  
This result is similar to the result with W = 4 shown in Fig. 6.5. Fig. 6.7 shows the 
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Fig. 6.6: Blocking probability (W = 12, F = 4). 
blocking probability of lightpath establishments as a function of W where F = 4 and ρ 
= 0.6. We observe that the blocking probability of each scheme decreases with the 
increase in W because of the large scale effect. We observe that the propose scheme 
reduces the blocking probability more efficiently than other schemes. We conclude 
that the proposed scheme efficiently reduces the blocking probability of lightpath 
establishments regardless of the number W of wavelengths supported by each fiber.  
 Next, we examine the performance of the research against the number of fibers in 
each link. Fig. 6.8 shows the blocking probability of lightpath establishments as a 
function of the offered load ρ, where W = 4 and F = 12. As we can see from this 
figure, the proposed scheme exhibits an excellent performance like the result with F = 
4 shown in Fig. 6.5. Fig. 6.9 shows the blocking probability of lightpath 
establishments as a function of F, where W = 4 and ρ = 0.5. As shown in this figure
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Fig. 6.7: Blocking probability (F = 4, ρ = 0.6) 
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Fig. 6.8: Blocking probability (W = 4, F = 12) 
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number of fibers in each link
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Fig. 6.9: Blocking probability (W = 4, ρ = 0.6). 
the blocking probability of each scheme decreases with the increase in F because 
multifiber links fill the role of limited-range wavelength conversion.  We also observe 
that the proposed scheme efficiently reduces the blocking probability, regardless of 
the number F of fibers in each link. 
Finally, we examine the impact of the number N of nodes with wavelength 
conversion capability. Fig. 6.10 shows the blocking probability of lightpath 
establishments as a function offered load p, where W = 4, F = 4 and N = 6. Also, Fig. 
6.11 shows the blocking probability of lightpath establishments as a function of 
offered load p, where W = 4, F = 4 and N = 12. These nodes with wavelength 
conversion capability are selected randomly. From these figures, we observe that the 
proposed scheme reduces the blocking probability of lightpath establishments more 
efficiently than other scheme. 
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Fig. 6.10: Blocking probability (W = 4, F = 4, N = 6).  
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Fig. 6.11: Blocking probability (W = 4, F = 4, N = 12) 
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6.6 Conclusion 
In this chapter, we proposed a dynamic RWA scheme for multifiber WDM optical 
networks with sparse wavelength conversion to show the efficiently of blocking 
probability of lightpath establishment at intermediate node. Through simulation 
experiments, we examined the performance of the proposed scheme against system 
parameter values such as the number of W of wavelengths supported by each fiber and 
the number F of fibers in each link and the proposed scheme exhibits an excellent 
performances. We also examined the impact of the number N of nodes with 
wavelength conversion capability and these results showed the proposed scheme 
efficiently reduces blocking probability of lightpath establishments. 
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Chapter 7  
 
Conclusion 
 
 
 
The main theme of this thesis is the reduction of the blocking probability in WDM 
Wavelength Routed Optical Networks (WONs). This thesis proposed how to resolve 
the RWA problems which will improve the blocking performance without and with 
using wavelength conversion. In this chapter, we summarize all of the results which 
are obtained in the study.  
 Chapter 4 and 5 focused on multifiber wavelength-routed WDM networks 
without wavelength conversion. In general, to satisfy the wavelength continuity 
constraint in optical multifiber WDM networks, before data transmission a lightpath 
must be establishment. A lightpath have to establish by using a signaling protocol and 
must be at the same wavelength along the route. Even though the entire route is 
available, requesting of lightpath will be rejected due to the unavailability of the same 
wavelength on all links along the route.   This will cause a large blocking probability. 
To resolve this problem, in Chapter 4, we proposed a method selects a wavelength 
with the least used along the route which is collected of backward reservation 
protocol when a lightpath is established. Through several simulation experiments, the 
proposed scheme examines various characteristics and parameters. We observed that 
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the proposed scheme better than random scheme in the blocking performance in 
several situasions, regardless of offered load, number of fiber and number of 
wavelength. We also observed that delay time quite significant between the proposed 
scheme and random scheme because the proposed scheme provides wavelength 
selection and does not add extra delay. 
In Chapter 5, we proposed a combination of a route and a wavelength selection at 
the receiver node based on the collected information in such a way that it avoids the 
generation of bottleneck links and the depletion of a specific wavelength. In a 
dynamic RWA in multifiber WDM networks, bottleneck links are generated when 
traffic concentrates in certain links and all wavelength in the links are used 
simultaneously or futher lightpaths cannot be established in the link. Therefore, this 
proposed scheme distributed loads by select a combination whose route has more 
available wavelengths to reduce the blocking probability to avoid generation of 
bottleneck links. Furthermore, a wavelength cannot be used if the wavelength already 
used in all fiber in a certain link along the route even if the wavelength is available in 
other link. In order to avoid this situation which call a depletion of a specific 
wavelength, the proposed scheme selects a combination in such a way that it makes 
wavelength usage in each link smooth. Through simulation experiments, we showed 
that the proposed scheme efficiently improve the blocking probability than SR and 
SPREAD-BASED scheme. 
In Chapter 6, we proposed a dynamic routing and wavelength assignment (RWA) 
scheme in multifiber WDM networks with sparse wavelength conversion. The 
proposed scheme divides each path to segments between nodes with wavelength 
conversion capability and then selects a route among defined paths and assigns 
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wavelengths to segments along the selected route in such a way as to avoid the 
generation of bottleneck links and the depletion of a specific wavelength. To do so, 
the proposed scheme selects a route based on wavelength availability in each 
segment. A bottleneck link is generated when traffic concentrates in a certain link and 
all wavelengths in the link are in simultaneous use.  In this case, further lightpaths 
cannot be established in the link. Therefore, we expect to reduce blocking probability 
by avoiding the generation of bottleneck links. In order to distribute loads and avoid 
the generation of bottleneck links, the proposed scheme tends to select a route which 
has segments with many available wavelengths.   
From the result obtained in each chapter, we can conclude that our proposed 
scheme works well in networks without wavelength conversion capability, sparse 
wavelength conversion capability and full wavelength conversion capability. The 
author hopes that all the results in this thesis will be significantly utilized in order to 
construct WDM networks for the next generation. 
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